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North Vancouver, BC, Canada
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Naesgaard Geotechnical Ltd.
Bowen Island, BC
Canada

Peter M. Byrne
Dept. of Civil Engineering
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ABSTRACT
Soil-structure interaction (SSI) effects when evaluating seismic response of deep bridge foundations to earthquake loading are
complex and sometimes intriguing. The main factors in soil-structure interaction considerations that govern the seismic design of deep
bridge foundations include interactive inertial forces, soil-pile kinematic forces in particular in liquefied sands or strain-softened clays
due to seismic shaking, and the loss of soil support to the piles due to soil liquefaction. To evaluate these three key effects for the
design of bridge foundations in seismic regions, soil-structure interaction analyses are normally required. Such analyses become more
complex when soils supporting the bridge foundations are liquefiable and the effects of soil liquefaction need to be considered. Soilstructure interaction effects are routinely considered in seismic design, however, the way of incorporating the effects of soil
liquefaction can be different depending on the project specific seismic design requirements and performance criteria. This paper
explores how soil-structure interaction analyses have been incorporated into the design of three bridges in the seismically active
Greater Vancouver area.

INTRODUCTION
The manner of analyses used to obtain inertial seismic forces
for bridge foundation design is important. For bridge
foundations with a multiple row pile group the evaluation of
foundation stiffness normally requires consideration of
nonlinear foundation load-displacement behavior in the six
degrees of freedom. Coupling between the degrees of
freedom is normally minor and may not be considered
depending on how sensitive the bridge response is to the
coupling. An example of foundation nonlinear loaddisplacement behavior is given using the main tower
foundations of the Golden Ears Bridge which is a six lane
cable-stayed structure that crosses the Fraser River near
Vancouver (Fig. 1). On the other hand for bridge foundations
involving only a single pile or shaft under each pier column
foundation, stiffness evaluation must consider moment and
shear coupling effects as such coupling significantly affects
both shaft lateral and rotational stiffnesses under seismic
loading conditions. The stiffness modeling of the 2.5m
diameter mono-shafts of the south approach viaduct of the
Golden Ears Bridge is given as an example.
Another key component is soil-pile kinematic forces imposed
by differential lateral displacements within the ground. These
forces can be especially significant if either soil liquefaction
of loose sands or strain softening in clays occurs. Often
inertial and kinematic ground movement effects are uncoupled
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and analyzed separately. In this case it is assumed that the
inertial loading occurs early in the earthquake before
significant liquefaction or strain softening effects occur and
that the two components would load the piles at different
depths and times. However for the 2475 year (yr) return
period design event specified for Golden Ears Bridge, near
maximum kinematic and inertial forces occurred
simultaneously while for the lower 475 yr event they did not
and were essentially uncoupled. This occurred because (i) the
2475 yr event had strong shaking for approximately 30s
compared to 10s for the 475 yr event and (ii) in the larger
event soil liquefaction occurred at an early stage in the ground
shaking. The effective stress-based UBCSAND model (Byrne
et al. 2004) and the nonlinear dynamic finite difference
program FLAC (Itasca 2005) were used for the SSI analyses.
For the design of the Canada Line North Arm Bridge across
the Fraser River, only the 100 and 475 yr events were
considered, the inertial and kinematic loads on the pile
foundations were analyzed separately.
The loss of soil support to the piles due to liquefaction also
has to be considered in the soil-structure interaction analysis.
In the design of Canada Line North Arm Bridge foundations,
the battered 2m diameter driven pipe piles embedded in
glacial till were designed with partial loss of soil support for
the 475 yr event, whereas in the design of south approach
viaduct foundations of Golden Ears Bridge, the 2.5m diameter
mono-shafts were designed with major loss of soil support for
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the 2475 yr event. In both of these cases, ground densification
around the piles was not used as a more cost effective
solution. In this paper, several different ways of conducting
soil-structure interaction analyses are explored. Examples are
given to illustrate how the analysis methods were selected
based on project specific seismic design criteria. The
examples of the analysis methods are also discussed via the
design of three bridges in the Greater Vancouver area. This
paper is prepared for general discussions of design-andanalysis methodologies related to seismic design of deep
bridge foundations and is not intended to be a detailed
discussion on the analysis results.

DESCRIPTION OF BRIDGE SITES AND FOUNDATIONS
Golden Ears Bridge
The Golden Ears Bridge across the Fraser River near
Vancouver currently being constructed by Golden Crossing
Group (GCCJV) led by Bilfinger Berger consists of a 5-span
continuous 968 m long hybrid extradosed cable-stay bridge
with two navigation spans. An extradosed bridge is a cablestayed bridge with a more substantial bridge deck being
stiffened and strengthened that allows the cables to be omitted
close to the tower and for the towers to be lower in proportion
to the span. It comprises 3 equal main spans of 242m with
side spans of 121m as shown in the artist rendering of the
bridge (Fig. 1). It is one of the longest extradosed cable-stayed
bridges in North America. The deck is composite steel and
concrete utilizing precast concrete deck panels, prefabricated
steel box girders and floor beams. The main girders, concrete
towers and stay cables act in two parallel vertical planes.
Figure 2 shows the full extent of the project. The main bridge
across the Fraser River is located between stations 16+622
and 17+590. The approaches to the main bridge total 1827m
comprising 1227m south viaduct curved 90o from the first
main pier on the south riverbank toward south abutment and
600m north viaduct straight from the last main pier on the
north riverbank toward north abutment. The approach
structures and the main bridge are located between Station
15+395 and Station 18+190 shown in Fig. 2.

Site Conditions. Figure 2 also shows the project alignment on
a local Geological Survey of Canada (GSC) surficial map. The
GSC surficial map generally shows three types of sediments
along the project alignment namely: 1) Fraser River sediments
(Fc) comprising over-bank silty to silt clay loam overlying
sandy to silt loam, 2) Sumas drift sediments (Se) described as
raised proglacial deltaic gravel and sand and 3) Capilano
sediments (Cd and Ce) consisting of marine and glaciomarine
stony (including till-like deposits) to stoneless silt loam to clay
loam with minor sand and silt. Organic soils (SAb), including
peat, are also present along the alignment.
The site investigations conducted by the Owner - Translink
BC during pre-bid and by GCCJV during the final design
phase primarily included Cone Penetration Tests (CPT) and
sampling boreholes. The subsoil conditions at the main river
crossing consist of loose to medium dense sands, up to 35m
thick on the south bank of the Fraser River and typically 20m
thick within the river channel, resting upon normally
consolidated to lightly over-consolidated clays and silts
extending to the bottom of the deepest test holes drilled up to
120m below the ground surface. The thickness of the near
surface sands decreases towards the navigation channel and
the north side of the river.

N

Fig. 2. Golden Ears Bridge surficial geology
Bridge Foundation. The four main tower foundations consist
of 12 drilled shafts divided into two subgroups, each having 6
drilled shafts supporting each tower leg shown in Fig. 3. The
2.5m diameter upper portion of the drilled shafts is cased
through the upper sand layer. The 2.4m diameter uncased
reinforced concrete shafts extend to a maximum depth of 90m
below mud line to develop required skin frictions which were
determined at each tower location based on the results of an
Osterberg Cell load test and CPTs conducted at the bridge
site.

Fig. 1. Artist rendering of Golden Ears Bridge
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The drilled shafts were designed to structurally resist both
seismic inertial forces from the bridge super- and substructures and kinematic soil-pile interactive forces due to
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riverbank displacements towards the river channel. These
movements were due to both lateral spreading deformations
resulting from soil liquefaction and cyclic plastic deformations
of the underling clay soil. Ground densification using vibroflotation and vibro-replacement was carried out around the
main bridge piers within the river sands and around the pier
on the south river bank to reduce potential liquefaction
induced displacements. In spite of the above ground
densification schemes, some lateral soil movements (up to
approximately 0.3 m) at the main bridge piers are still
expected under the 2475 yr return period event and have been
incorporated into the main bridge foundation design.

selected to satisfy the vertical flight clearance requirements at
the river due to the nearby airport, and to maintain consistency
with the typical precast segmental construction methods used
for the Line. The North Arm Bridge is 562m long with a
180m extradosed main span, 139m side spans, 52m transition
spans. It carries two rail tracks and a suspended
pedestrian/bikeway. New to North America, this bridge form
provided an appropriate solution considering the design
constraints.
S3

S3

S2

S2

S1

N1

N2

N3

S1

N1

N2

N3

Fig. 4. Plan and elevation of Canada Line North Arm Bridge

Normal
High Water
Level
EL. 3.1m

Site Conditions. Soil conditions at the river include loose to
compact silty sand and clayey silt over hard or very dense
glacial till-like soils. Depth to the top of till decreases towards
north, approximately 25m depth at main pier S1 and 16m
depth at main pier N1.

Canada Line Fraser River North Arm Transit Bridge

Bridge Foundation. 2m diameter steel pipe piles driven open
ended into till were chosen for the two main piers N1 (10 piles
total with 6 piles battered in transverse direction for resisting
design ship impact loads) and S1 (9 vertical piles surrounded
by an artificial island preventing direct ship impact loads). 2m
diameter steel pipe piles were also chosen for the land pier S2
(6 vertical piles). For the remaining three piers N2, N3 and S3,
0.914m diameter steel pipe piles, mostly battered, driven open
ended into very dense till were chosen. Design penetration
depth into till was 10m, however final depths varied with
driving resistance. The final penetrations into till were to be
determined during pile driving based on pile driving set
criteria and Pile Driving Analyzer testing at selected pile
locations with CAPWAP analysis to check the pile skin
friction and end bearing capacity partially mobilized by the
hammer used during testing.

The Canada Line light rail transit system, scheduled for
completion in 2009, will include North America’s first
extradosed transit bridge for its crossing over the North Arm
of Fraser River in Vancouver. The Canada Line will connect
Richmond, the Vancouver International Airport and
downtown Vancouver through 19 km of elevated, at-grade
and underground guideway. The bridge is an extradosed
precast concrete segmental box girder bridge which is the
longest span on the Line (Fig. 4). This bridge form
characterized by shallow sloped cables and shorter towers was

The reinforced concrete filled pipe piles were designed to
structurally resist both seismic inertial forces from the bridge
super-/sub-structure and kinematic soil-pile interactive forces
caused by large riverbank displacements towards the river
following soil liquefaction in the upper sandy layers. No
ground densification was used as the dynamic seismic
analyses of the global bridge model using liquefied foundation
stiffness and non-liquefied foundation stiffness determined
that the effect of ground densification did not have much
impact on the dynamic response of the bridge. The large piled

45200

Fig. 3. Golden Ears Bridge schematic foundation layout
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foundations embedded in dense till were very stiff both
laterally and rotationally, even after losing some of their
lateral support due to partial soil liquefaction.

of the wall footing. The foundation design of this bridge is
documented in Yang and Gohl (2006).

SEISMIC DESIGN CRITERIA
Roger Pierlet Bridge West
Golden Ears Bridge
The Roger Pierlet Bridge West is a five span 103 m long
structure located in Cloverdale just outside Vancouver with
three 22m center spans and two 18.5m side spans. The bridge
carries traffic over the existing BC Rail double tracks, a
planned relocation of the Southern Railway and a future City
of Surrey road. The bridge consists of three main elements:
• piled foundations through the sensitive soft clays to till at
depths of 40 to 50m;
• concrete substructures (abutment walls and concrete piers
both with and without railway crash walls); and
• superstructure spans consisting of twin-celled precast
prestressed concrete box stringers with a 150 mm
(nominal) structural topping, waterproofing membrane,
and asphalt overlay (Fig. 5).

The project seismic design criteria and performance criteria
called for three levels of design earthquakes, namely a 475
year return period event with essentially elastic performance
and immediate access, a 1000 year return period event with
repairable damage and limited access and a 2475 year return
period event with no collapse but possible loss of service. A
deterministic subduction earthquake design event was also
specified for geotechnical soil liquefaction assessments.
Canada Line Fraser River North Arm Bridge
The project seismic design criteria state that seismic design
will be based on the bridge structure resisting a 475 year
return period event with repairable damage and a 100 year
return period event with no significant damage and essentially
elastic performance.
Roger Pierlet Bridge West
A 475 year return period earthquake event with no collapse
performance criteria was considered for the design. A peak
firm-ground horizontal acceleration of 0.24g and a peak firmground horizontal velocity of 0.22m/s were specified.

SEISMIC DESIGN INPUT MOTIONS
STRUCTURE INTERACTION ANALYSIS

FOR

SOIL-

Seismic design input motions are required for bridge structural
seismic dynamic analyses to determine the inertial interactive
forces transferred from bridge superstructure and substructure.
Fig. 5. Roger Pierlet Bridge typical pier foundation
Site Conditions. Soils at the site consist of sensitive clays of
40 to 50m depths over Pleistocene glacial till soil. The clay is
near to being normally consolidated and is sensitive to shear
disturbance due to freshwater infiltration and leaching of the
saline pore fluid. The clays are underlain by glacial till
comprising very stiff silt and clay or dense to very dense sand
with occasional gravel and cobbles.
Bridge Foundation. Foundations consist of four steel pipe
piles 0.61m diameter at each pier shown in Fig. 5. They were
driven open ended to a minimum embedment of 2.4m into the
till. Piles were terminated at the underside of railway crash
walls for Piers 1, 2, and 3 and below ground level for Pier 4.
Piles at each abutment wall were terminated at the underside
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As the seismic design criteria for each of the three bridges are
different, the seismic design input motions were selected
based on the following procedures.
Site specific seismic response analyses for Golden Ears
Bridge were carried out to determine the seismic design input
motions. At the Golden Ears Bridge site the depth to “firm
ground” (dense Pleistocene soil) was not known (greater than
the 120m depth of the deepest borings). For design a depth of
150 m was assumed as the top of “elastic half space” for the
ground response analyses. Parametric analyses showed that
deeper soil profiles gave less response than shallower soil
profiles. Nonlinear site response analyses were carried out for
the 2475 year design event due to the potential large strains
that may not be modeled correctly using the more traditional
equivalent linear method. The program FLAC 2D (Itasca,
2005) with the hysteretic constitutive model UBCHYST was
used for the non-linear analyses.
For the 475 year
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As seen from Figs. 6(a) and 6(b), ground motions are
amplified for longer periods greater than 0.6 second due to
very soft soil conditions and de-amplified for shorter periods
less than 0.3 second for all three design earthquake levels.

twice as much as the seismic motions on the south side of the
bridge where the soil columns are much deeper. At longer
periods the response is greater to the south.
1.2

S2/S3
N1

S1
N2/N3

1.0
Acceleration (g)

earthquakes, the hysteretic nonlinear (FLAC) and equivalent
linear (SHAKE) methods showed similar response. As such,
the conventional SHAKE91 (Idriss and Sun, 1992) analysis
results were used for the 475 year and 1000 year design
events. Typical near surface design spectra as shown in Fig.
6a were used for structural analyses. Corresponding near
surface time histories were also obtained and used in bridge
structural inelastic time history analyses.

0.8
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Fig. 7. Near-surface horizontal seismic design response
spectra for Canada Line North Arm Bridge
For the Roger Pierlet Bridge which is not a lifeline bridge nor
an emergency route bridge, the 475 year seismic design
spectrum was determined from the specified design criteria
and the bridge design code CAN-CSA-S6-00 (2000) (Fig. 8).

Spectral Acceleration (g)
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Fig. 8. Near surface horizontal seismic design spectrum for
Roger Pierlet Bridge
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Fig. 6. (a) Near surface horizontal seismic design response
spectra for Golden Ears Bridge after site response analyses
(b) Firm ground design response spectra-Golden Ears Bridge
The site specific seismic response analyses for Canada Line
North Arm Bridge were carried out using the conventional
equivalent linear analysis method and the program SHAKE91.
The near surface design response spectra for the 475 year
event are shown in Fig. 7. As the depth to the top of till
decreases towards north, different SHAKE models were set up
at different pier locations. As seen from Fig. 7, the near
surface design spectra are affected significantly by the depth
to the top of till varying from about 10m at Piers N2/N3 to
more than 35m at Piers S2/S3. On the north side of the bridge
where the soil columns are shallower, the seismic motions are
amplified at shorter periods less than 0.6 second to nearly
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The design spectrum in Fig. 8, based on the code gives higher
response at long periods than those based on site specific
analyses (Figs. 6(a). and 7). The code method in this case is
relatively conservative for dominant modes of vibration
greater than 1 second.
For the main spans of the Golden Ears Bridge, the dominant
longitudinal mode is greater than 5 second and the dominant
transverse mode is greater than 2.5 second. For the Canada
Line North Arm Bridge, the dominant modes in longitudinal
and transverse directions are around 1.8 second and 1.3
second respectively. For the Roger Pierlet Bridge which is a
conventional highway overhead bridge with multiple spans,
the dominant longitudinal mode is greater than 1 second and
the dominant transverse mode is greater than 0.5 second.
MODELING OF DEEP BRIDGE FOUNDATIONS IN SOILSTRUCTURE INTERACTION ANALYSES
The foundation modeling for deep bridge foundations can be
divided into three general categories:
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•
•

Foundation with a group of piles with multiple rows as
shown in Fig. 3;
Foundation with a row of piles similar to that in Fig. 5;
and
Foundation with a single shaft (mono-shaft) supporting a
column.

It is noted that there may be various forms of pile
arrangements, pile to pile cap restraints and column to pile
connections in each of the above categories. In this context,
only the above three general foundation arrangements are
discussed.

45
40
Lateral shear (MN)

•

35
30
25
20
15
10
5
0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Lateral deflection (m )

M5 foundation 6x2.5m drilled shafts
Initial elastic stiffness
Equivalent linear stiffness after iteration

Foundation with a Group of Pile
For bridge foundations involving a pile group with multiple
rows, the foundation modeling normally requires evaluation of
foundation stiffness. This typically involves evaluation of
nonlinear load-displacement behavior of the foundation,
including pile cap, in six degrees of freedom. The spring
stiffness affects the inertial forces calculated from global
bridge dynamic seismic analysis and often iterations are
required to reach the final structural solution. Spring stiffness
is typically calculated for both pre- and post-liquefaction soil
conditions in sandy soils, as well as non-liquefied soil
condition if adequate ground densification is to be employed.
The relationship between horizontal foundation load and
horizontal displacement is generally nonlinear even at a low
level of soil strain due to soil material nonlinearity. During the
design of the Golden Ears Bridge main pier foundations, the
computer program GROUP 3D V6.0 (Ensoft, 2003) was used
to calculate load displacement curves for the pile groups. A
set of load-displacement curves and moment-rotation curves
were extracted from the GROUP analyses. The results were
obtained for three translational (X, Y, Z) and three rotational
(Rx, Ry, Rz) degrees of freedom at the center of each pile
group. Figure 9 shows the load-deflection curve for the bridge
longitudinal (X) direction at the main tower Pier M5
foundation. A sensitivity analysis indicated that the
nonlinearity of the moment-rotation curves in three rotational
directions and the nonlinearity of the load-displacement
curves in vertical direction were not significant within the
range of forces of interest. This was due to (i) very large axial
stiffness of the large diameter drilled shafts of skin friction
bearing only (i.e. these drilled shafts are friction piles with
very little end bearing component) and (ii) the large distance
of each 2.5m diameter drilled shaft from the center of the pile
group (i.e. large moment lever arms). The combined effects of
these two factors resulted in the large rotational stiffness of
the pile group and a more linear moment-rotation response in
the longitudinal and transverse rotational directions.
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Fig. 9. Lateral stiffness iterations for Pier M5 foundation of
Golden Ears Bridge
An eigen-value type of analysis in modal response spectrum
analysis normally requires linear element and linear soil
spring properties. An equivalent linear soil spring approach
was therefore adopted. An iterative procedure started with the
initial elastic stiffness shown in Fig. 9 for each of the load
displacement curves at different piers. Subsequent iterations
used a progressively reduced secant stiffness to reach a
solution on the curve. This “softening” effect generally leads
to a significant increase in the natural periods of the structure
and reduced foundation seismic demands. The secant stiffness
of the linear soil springs was iterated until a load and
corresponding compatible displacement solution was
obtained. The procedure led to a solution which was
consistent with the nonlinear load displacement curves
obtained from the GROUP analyses, as illustrated in Fig. 9.
A similar iterative procedure of modeling was used for the
seismic soil-structure interaction analyses during the design of
the Canada Line North Arm Bridge. The foundations of this
bridge are stiff in the three rotational directions and the
vertical direction due to about 10m penetration into very
dense till. This results in mainly linear load-displacement
behavior in the range of forces of interest to the design. The
nonlinear load-displacement behavior was found to be minor
even in the longitudinal and transverse translational directions
for the large foundations with battered piles and moderate for
those with vertical piles. When the effects of soil liquefaction
were studied using the program GROUP, it was found that the
nonlinearity in the longitudinal and transverse translational
directions increased marginally due to partial loss of lateral
soil support in the upper partially liquefied sandy layers.
Dynamic seismic analysis of the bridge indicated that the
responses of the bridge did not vary significantly with changes
in foundation stiffness from pre-liquefied soil condition to
partially liquefied soil condition and soil densification around
the piers was not required. The piles were reinforced to resist
inertial forces with consideration of partial loss of lateral soil
support and kinematic forces due to soil liquefaction induced
lateral ground movements.
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Note that in general if the foundation stiffness is to be
represented by equivalent-linear springs then they are load
dependent and therefore different for dead load, wind load,
seismic load, etc. The foundation stiffness values were
developed using the GROUP foundation models for the load
levels representative for each load case under both pre- and
post- liquefied soil conditions so that the foundation
nonlinearity, foundation p-delta and moment-shear coupling
effects can be captured reasonably well in the global bridge
seismic soil-structure interaction modeling. The foundation
stiffness iteration involved in seismic soil-structure interaction
analyses is normally tedious, but nevertheless is important in
order to obtain reasonable inertial force demands.

The foundation soil-pile interaction modeling of 2.5m
diameter mono-shafts for the south approach viaduct of
Golden Ears Bridge however involved 60 drilled shafts. If
each shaft up to 70m deep requires 10 nonlinear p-y curves,
then a total of 1200 p-y curves (i.e. 60 x 10 x 2 horizontal
directions) would be needed for the 3D south approach
viaduct structural model. The iterations required to obtain a
force and displacement convergence on these 1200 nonlinear
p-y curves would be an extremely daunting task and is not
considered practical for 3D structural seismic response
spectrum analysis. To overcome this problem, a different
modeling technique for simulating soil-structure interaction
effects of very long approach viaduct structures supported on
deep mono-shafts was used and is described in the following
paragraphs.

Foundation with a Row of Piles
Foundations at the Roger Pierlet Bridge consist of four 0.61m
diameter steel pipe piles at each pier (Fig. 5). The bridge
structural seismic analysis modeled the bridge superstructure,
substructure and entire piles to the tip elevations. For these
piles surrounded by the soft clay up to 50m depth and
embedded in the dense glacial till, the nonlinear lateral load
versus displacement curves (p-y curves) were used along the
length of each individual pile. The nonlinear p-y curves were
developed from the computer program LPILE Plus 5.0
(Ensoft, 2004) foundation analysis using the soil properties
obtained from the in-situ cone penetration tests and field vane
shear tests, as well as the laboratory soil classification tests.
The soil springs based on secant stiffness of each p-y curve
were attached to the piles horizontally in bridge longitudinal
and transverse directions as discrete horizontal soil springs.
No rotational springs were needed for the foundations when
the individual piles and p-y curves were modeled explicitly in
the global bridge model.
The iterative procedure was again required for the modal
response spectral analysis which started with the initial elastic
stiffness for each p-y curve. The inertial force demands were
taken at the top of the piles after subsequent iterations using
reduced secant stiffness reached a solution on all p-y curves.

Foundation with a Single Shaft (Mono-Shaft)
For bridge foundations involving only one shaft under each
pier column, foundation stiffness evaluation must consider
moment and shear coupling effects as this coupling
significantly affects the single shaft lateral and rotational
stiffnesses under seismic loading conditions. The method
described for the foundation with a row of piles in the above
section can be used for the modeling of foundation with a
single shaft as the coupling between shear and moment in
mono-shafts are automatically accounted for in 3D bridge
structural seismic analyses.
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For each drilled shaft, the coupling between horizontal
deflection and rotation at the top of shaft becomes significant.
To capture this coupling effect, each drilled shaft was
modeled by two parallel vertical fictitious members directly
below the column in the 3D global bridge model for seismic
analysis. The reason of using two members representing the
longitudinal and transverse foundation stiffness independently
of the mono-shafts is that the dynamic responses in these two
directions of the mono-shafts may be different such as
different modes of vibration and different fundamental
frequencies influenced by the existence of bridge
superstructure and soil-pile-structure interaction, etc. The EI
(Young’s modulus times cross sectional moment of inertia)
and L (length) of each fictitious member were selected to
match the top horizontal deflection and rotation of the drilled
shaft in each of the two horizontal directions (longitudinal and
transverse) obtained from LPILE analyses of individual
drilled shafts where the soil-pile interaction can be explicitly
considered. The cross sectional area of one fictitious member
was selected to match the vertical stiffness of the drilled shaft,
and the other fictitious member had zero cross sectional area.
The nonlinear behavior of soils was considered in the LPILE
models of the drilled shafts, depending on the load levels
obtained from the dynamic analysis of the 3D model as part of
the iterations.
The drilled shaft top deflections and rotations from the LPILE
analyses were then used to compute the I and L of the
fictitious members for the 3D bridge model. Refined
foundation loads at the top of the drilled shafts were obtained
from the 3D model analysis with revised foundation stiffness
and lengths. The refined loads from the 3D model were then
applied to the LPILE models in the next iteration. The
iteration would continue until the foundation loads obtained
from the 3D model dynamic analysis were close to the loads
used in the LPILE analysis in the previous iteration. It would
typically take 3 to 4 iterations to converge before the inertial
force demands can be finalized for the design of the drilled
shafts. This analysis process was done for both pre-liquefied
and liquefied soil conditions since ground densification was
not carried out at this location. The structural members
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including the piles were designed for the worst load case
between the two different soil conditions.

equivalent static beam on nonlinear Winkler foundation
(BNWF) method.

KINEMATIC INTERACTION FORCES DUE TO GROUND
MOVEMENTS

For other bridge projects, the direct combination of these two
effects may not be required depending on local experience and
detailed soil-structure interaction studies.

Seismic design requirements in most bridge design projects do
not normally specify explicitly how to combine the inertial
interactive and kinematic interactive forces. Instead, seismic
design guidelines in ATC-49 (2003) are often referred to
regarding this issue. ATC-49 (2003) states that if both
liquefaction and ground movement (i.e. lateral spreading,
lateral flow and dynamic settlement) occur, they shall be
treated as separate and independent load cases, unless agreed
to or directed otherwise by the owner. The following sections
describe the design approaches on this issue for the three
bridge projects.

Analysis Method for Golden Ears Bridge
The upper thick sand layers overlying a large portion of the
South Approach Viaduct of the Golden Ears Bridge where
ground densification is not used are highly susceptible to
liquefaction during the 2475 design earthquake. To assess the
kinematic interaction forces along the piles due to liquefaction
induced ground displacements, FLAC 2D time history
analyses were carried out for both transverse and longitudinal
bridge sections. The FLAC dynamic time history analysis
employed the effective stress soil constitutive model
UBCSAND to simulate soil liquefaction process in the upper
sand layers. The UBCSAND model emulates the shear
induced contraction and dilation that occur during earthquake
shaking. Loose sands will contract during cyclic shaking,
causing liquefaction when the stresses are transferred from the
soil skeleton to the pore fluid. Denser sands contract less and
are less prone to liquefaction. The constitutive model has been
calibrated against field case histories, centrifuge tests and
laboratory simple shear tests. The FLAC analysis results
indicated that under the 2475 year event, the kinematic
interaction forces between the liquefied soils and the piles
very likely occurred at the same time that the inertial forces
from superstructure were near peak. In the LPILE analyses,
inertial force effects from the 3D bridge seismic analyses of
the South Approach Viaduct were combined directly with
kinematic ground displacement effects due to soil liquefaction
for the 2475 year event.
The decision of direct combination of inertial interactive
forces and kinematic interactive forces under fully liquefied
soil condition for the Golden Ears Bridge was based on the
project specific nonlinear effective stress dynamic liquefaction
triggering and consequence analyses using the FLAC
program. This approach was in line with the recommendation
proposed by Boulanger et al. (2007) based on studies of
centrifuge model tests on pile foundations and numerical
analyses using both dynamic finite element method and
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At the main tower foundations of the Golden Ears Bridge
where ground densification was carried out, the inertial
interactive forces and kinematic interaction forces due to
ground movement under all levels of design events were
treated as separate load cases as the likelihood of these two
types of forces occurring concurrently is small.

Analysis Method for Canada Line North Arm Bridge
The past FLAC dynamic time history analyses for many local
seismic design projects indicated that for a 475 year event,
soil liquefaction develops progressively and full soil
liquefaction occurs generally towards the end of the shaking
after the peak inertial forces have passed. For a 475 year
seismic event, the typical design philosophy for bridge seismic
design is that maximum kinematic interactive forces and
maximum inertial forces are treated as uncoupled events as
stated in ATC-49.
For the design of Canada Line North Arm Bridge foundations
where loose sand layers with variable inter-layered
nonliquefiable silt and clayey silt are present above the dense
till, the response of pile foundations due to earthquake
induced free field ground movement was assessed using the
Youd et al (2001) empirical lateral spread procedures and the
LATPILE program (UBC, 1985) without inertial loading from
the bridge structure. The seismic design of piles including
moments, shears and deflections may be governed by either
the inertial forces from the bridge structure or the kinematic
interaction forces due to ground movements. The final design
adopted a conservative approach that combined the two types
of interactive forces in a square root of sum of square manner:
Total shear or moment along the pile =
(inertial force effect2+kinematic force effect2)½

Analysis Method for Roger Pierlet Bridge
At the Roger Pierlet Bridge site, there is no liquefiable sand.
However, the soft clay known for its strain softening behavior
and high sensitivity up to 50m in depth above the dense till
can potentially impose significant kinematic interactive forces
along the depth of 0.61m diameter steel pipe piles during the
ground shaking.
To capture the clay’s strain softening behavior and the
magnitude of kinematic interaction effects between piles and
the thick soft clay surrounding the piles, dynamic nonlinear
finite difference analyses using the computer program FLAC
were carried out during the seismic design of driven steel pipe
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piles. The input seismic motions were applied at the bottom of
the FLAC grid in the till. The dynamic analysis was conducted
to calculate kinematic interactive forces. The FLAC dynamic
analyses conducted for the Roger Pierlet Bridge foundations
indicated that the maximum kinematic forces due to the
maximum ground displacement in the very soft clay
surrounding the pile were quite large. However these forces
did not occur at the same time as the inertial forces from the
bridge structure. The maximum inertial force tends to occur
during peak ground shaking at the early stages of shaking,
whereas the maximum kinematic force tends to occur towards
the end of shaking when the ground displacement gradients
are highest. The maximum bending moment due to the inertial
effects is generally located near the top of the pile. The
maximum bending moment due to the kinematic effects is
generally located at a greater depth in areas of highest gradient
of the lateral ground displacement. As such the pile inertial
and kinematic interaction forces (i.e. shears and moments) at a
particular depth were combined using the same square root of
sum of square rule that was adopted for the Canada Line
North Arm Bridge.

existing watermain making soil densification around the piers
costly and difficult. Utility relocation was considered but was
costly. Therefore in lieu of soil densification the 2.5m
diameter drilled shafts were designed to function with the
reduced soil lateral support and kinematic ground loading
resulting from the liquefied soil. The soil-structure interaction
analyses involved the following steps (EBA and Trow, 2007):
•

•

•
EFFECTS OF LOSS OF SOIL SUPPORT ON PILE DESIGN
The loss of soil support around piles due to soil liquefaction is
commonly considered in the soil-structure interaction analysis.
Different analysis approaches may be adopted as explained in
the following paragraphs by the design of Golden Ears Bridge
and Canada Line North Arm Bridge. There was no soil
liquefaction concern at Roger Pierlet Bridge, therefore no loss
of soil support scenario for this bridge in the seismic design.

•

•
Analysis Approach for Golden Ears Bridge
Soil liquefaction is a major seismic hazard to the Golden Ears
Bridge design especially due to the high seismic motion
intensity of the 2475 year event which is expected to liquefy
most of alluvial deposits of loose sand at the Golden Ears
Bridge site. The analysis approach of coupled stress and flow
2D longitudinal FLAC analyses was used to study the extent
and effects of soil liquefaction on the moment, shear and axial
responses of the 2.5m diameter drilled shafts. The coupled
effective stress and groundwater flow FLAC analyses
confirmed that sand layers would liquefy and the resulting
combined moments and shears in the 2.5m diameter piles in
the main river piers were excessive due to loss of lateral
support in the upper 20 to 30m sandy layers and ground
densification around the main river piers was necessary at the
main river piers. Based on the results of the FLAC analyses,
vibro-flotation and vibro-replacement densification was
implemented at the main river piers supporting the four bridge
towers and at two riverbanks.
Soil liquefaction was also identified along southern portion of
the South Approach Viaduct structure connecting to the main
bridge. At this location the bridge piers were adjacent to an
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•

For the South Approach Viaduct structure, the seismic
design spectra were developed for the 2475 year design
earthquake using the 2D FLAC nonlinear dynamic
analyses described in the previous sections for two soil
profiles representing soil condition typically having thick
liquefiable sands and soil condition typically having no
liquefiable sand layers.
The zones of liquefaction and free-field ground
displacements were obtained from the 2D FLAC analyses
for the liquefiable soil profile from Step 1. The free-field
ground displacements were then put into an LPILE model
with P-multipliers as recommended by Boulanger et al.
(2003) to simulate post-liquefaction soil properties.
The design response spectrum from the non-liquefiable
soil profile was used in the 3D global bridge modal
spectrum analyses for the South Approach Viaduct and
the inertial forces were extracted and used for the design
of south abutment and those piers founded in nonliquefiable soils.
The design response spectrum from the liquefiable soil
profile was used in the 3D global bridge modal spectrum
analyses for the South Approach Viaduct and the inertial
forces were extracted and used for the design of the
southern piers founded in the liquefiable soil profile.
In the LPILE analyses, inertial effects from the 3D
seismic analyses of the South Approach Viaduct were
combined with kinematic effects for southern piers
founded in the liquefiable soil profile obtained from the
FLAC analyses in Step 1. For those piers founded in the
non-liquefiable soil profile, the LPILE analyses only
considered inertial effects from the 3D seismic analyses
of the global bridge model as the kinematic forces were
found not to govern the pile design.
The loss of soil support due to liquefaction also affected
the drilled shaft vertical load carrying capacity for both
seismic load cases and non-seismic load cases following
the 2475 year design event. The liquefied soil where the
upper portion of the drilled shaft was embedded was
assumed to contribute zero axial resistance and pile
lengths in the liquefaction affected area were increased
accordingly.

Analysis Approach for Canada Line North Arm Bridge
Only partial soil liquefaction is expected at the North Arm
Bridge site due to the lower seismic motion intensity of the
475 year design seismic event. An uncoupled analysis
approach was adopted including the SHAKE response
analysis to determine the seismic design spectra as shown in
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Fig. 7 and the Youd et al (2001) procedure to determine the
ground displacements associated with the soil liquefaction.
The moment and shear of the battered 2m diameter driven
pipe piles embedded in glacial till were analyzed using the
GROUP foundation models assuming partial loss of soil
support. The moment and shear of the battered piles due to
kinematic force effects were analyzed separately using the
LATPILE computer program (UBC, 1986). The inertial forces
and the kinematic forces were considered largely uncoupled as
described in the previous sections, therefore, the moments in
the piles due to these two separate forms of soil-structure
interaction effects were combined using the square root of
sum of square rule described earlier.

SUMMARY AND CONCLUSIONS
Seismic design of deep bridge foundations normally involves
complex soil-structure interaction analyses; in particular when
soil liquefaction is a major issue. The soil-structure interaction
analyses aim to assess the inertial interactive force effects
from the bridge super- and sub-structure with or without
consideration of loss of soil support associated with soil
liquefaction using 3D bridge structural models, as well as the
kinematic interactive force effects from the interaction
between piles and surrounding soils. The geotechnical soilstructure interaction effects may be analyzed using a coupled
analysis approach such as the FLAC dynamic finite difference
analysis with the fully coupled UBCSAND effective stress
soil constitutive model developed for simulating soil
liquefaction explicitly in sandy soils. Alternatively, the soilstructure interaction effects may be studied using an
uncoupled analysis approach such as the SHAKE response
analysis and the Youd et al liquefaction assessment method to
assess the liquefaction induced ground displacements. These
soil-structure interaction effects are often intertwined. The
analysis approach used to study these effects is also dependent
on the seismic design criteria and seismic performance
criteria. Local experience very often plays an important role in
selecting the analysis approach and final design schemes that
meet all seismic design requirements.
Ground densification is a common approach to remediate soil
liquefaction in liquefiable sands. In some cases, however,
foundations founded in liquefiable sands overlying nonliquefiable soils are designed to accommodate seismic forces
without ground densification as a more economic design
solution. In these special cases, detailed soil-structure
interaction analyses are required to assess all aspects of soil
liquefaction, site specific ground responses to obtain seismic
design input spectra, inertial interactive forces, kinematic
interactive forces as well as effects of loss of lateral soil
support and reduced vertical load carrying capacity.
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